Abstract. Magnetically-induced forces on the inertial masses on-board LISA Pathfinder are expected to be one of the dominant contributions to the mission noise budget, accounting for up to 40%. The origin of this disturbance is the coupling of the residual magnetization and susceptibility of the test masses with the environmental magnetic field. In order to fully understand this important part of the noise model, a set of coils and magnetometers are integrated as a part of the diagnostics subsystem. During operations a sequence of magnetic excitations will be applied to precisely determine the coupling of the magnetic environment to the test mass displacement using the on-board magnetometers. Since no direct measurement of the magnetic field in the test mass position will be available, an extrapolation of the magnetic measurements to the test mass position will be carried out as a part of the data analysis activities. In this paper we show the first results on the magnetic experiments during an endto-end LISA Pathfinder simulation, and we describe the methods under development to map the magnetic field on-board.
Introduction
LISA Pathfinder (LPF) [1] will test key technologies required for gravitational wave detection in space. The main goal of the mission is to achieve a residual differential acceleration noise between two free-falling test masses of 3 × 10 −14 m/s 2 / √ Hz in the 1 mHz ≤ f ≤ 30 mHz frequency band, expressed in terms of noise spectral density. The satellite is equipped with the Gravitational Reference Sensor [2] hosting the test mass and controlling its position inside the spacecraft through the so called drag-free control loop, and the Optical Metrology Subsystem [3] achieving pico-meter sensitivities in the measurement of the relative displacement of the test masses.
An equally important goal of the LPF mission is to disentangle the different contributions in the measured noise. Indeed, future space gravitational wave observatories [4] will benefit from the detailed noise model that LPF will provide. With that aim, the Diagnostic Subsystem [5] contains sensors and actuators to perform experiments during flight operations.
The rationale behind these experiments is to induce a high signal-to-noise ratio calibration signal that allows a good estimate of the coupling between the system and the perturbation under study. Once the calibration signal is off, we will use the derived coupling to estimate the level of noise induced in the main measurement by the perturbation. For the magnetic case, this means that a set of coils will induce a controlled magnetic field in the test mass volume, resulting in a force that will enable determining the magnetic properties of the test mass. These will be used to compute the force noise contribution due to the background magnetic field.
The tri-axial fluxgate magnetometers used in LPF are located far from the test mass due to the electromagnetic fields they emit, hence a precise interpolation is required in order to know the background magnetic field affecting the test masses. Hence, there are two different problems that need to be addressed to characterise the magnetic contribution to the total force noise budget:
• To estimate the magnetic parameters of the test mass through the observed response to an injected magnetic signal.
• To interpolate the measured magnetic field at the magnetometers to the position of the test masses. In the following we report on the latest developments for both
Estimation of test mass magnetic parameters
The inertial sensors displacement sensitivity at low frequencies is limited by actuation noise. After this, the main contribution limiting the sensor is due to the coupling of the test mass motion with background magnetic fields, which could represent up to 40% of the overall force noise budget. Although this coupling is greatly reduced because of the magnetic properties of the Au/Pt alloy from which the test mass is built, there is still a small remnant that needs to be taken into account. If we assume an homogenous and isotropic test mass, the problem can be reduced to the estimation of the moment vector, M = (M x , M y , M z ), and susceptibility, χ = χ 0 + i χ e , in the following system of linear equations [6] 
where f x 1ω0 is a force term at the injected frequency, ω 0 ; f x 2ω0 is a force term at 2 ω 0 and f x 2ω0 is a force term at 2 ω 0 but out of phase when compared with the injected signal. All these terms depend on the magnetic field and the magnetic field gradient in the test mass volume and hence, are computed numerically and assumed known. The same applies to n y 1ω0 and n z 1ω0 which correspond to torques around the y and z axes due to the applied magnetic field.
This test mass characterisation scheme was put into test during the 4th operational exercise, which took place in November 2013. During this simulation, the science team was divided into small groups, each in charge of a different experiment. These simulations train the team for in-flight operations, so the data is received and processed in a mission-like scenario in terms of scheduling, satellite commanding and telemetry reception. In this occasion, the magnetic characterisation of the test took 19 h where the coil was commanded to apply a sinusoidal field injection at 1, 3, 5, and 7 mHz commanding in each case a 1 mA current into the coils. The set of frequencies is selected to maximize the SNR of the response signal [6] .
The telemetry obtained during the simulation was processed using the LTPDA [7] magnetic data analysis pipeline. The main steps implemented in this procedure can be summarised as (1) pre-processing the data to detect possible irregularities as, for instance, missing data packets, (2) to translate the measured test mass displacement into measured force, based on the system dynamic parameters, (3) to compute the magnetic field at the test mass position based on the geometry of the problem and the applied current, (4) to compute the force contribution at the relevant frequencies in order to (5) solve the linear system of equations in Eq. (1).
The result of the experiment, shown in Fig. 1 , is a clear signal when measuring the applied force on the test mass. The plot shows as well that the pipeline was able to retrieve the magnetic parameters characterising the test mass and reconstruct the applied force. Table 1 shows the values obtained by the pipeline. Notice that the imaginary part of the susceptibility was not estimated because this feature was not implemented in the simulator at the time of the simulation.
Magnetic field interpolation
The feed-back field from the tri-axial fluxgate magnetometers requires that they be located far from the desired measurement location. Although there exist proposals to alleviate the problem in future designs [8] , the situation in LPF calls for a precise interpolation process. Several techniques have been proposed, among them the most promising is the usage of neural network algorithms [9] which learn from a set of given magnetic field configurations to interpolate the field in the real case.
Since the number of sources in the satellite greatly exceeds the number of available magnetometers, the interpolation becomes a degenerate problem. In all proposed methods the interpolation is usually strongly dependent on the a priori knowledge of the sources and therefore a clear detailed analysis of the distribution of the magnetic sources in the satellite is necessary for a successful analysis.
In Figure 2 we show the latest update on the distribution of magnetic sources in LISA Pathfinder. The figure graphically describes the complexity of the magnetic field due to the diversity of sources around the main experiment, located here in the position of the two test masses. It is important to notice that the recent replacement of the the field-emission electric propulsion (FEEP) thrusters by the cold gas ones has an important impact in the magnetic environment of the satellite. Indeed, the three main structures in Figure 2 are due to the cold gas latch valves (CGLV).
Again, this recent change stresses the importance of a good characterization on the ground. In Figure 3 we report a first study to evaluate the contributions of each identified magnetic source to the measured magnetic field for each magnetometer. These estimates show that the CGLV units are enough to explain nearly 60% of the contribution as measured for some magnetometers. Apart from these, each sensor is more sensitive to a given set of magnetic sources which explains the remaining contributions of the magnetic field.
As previously stated, a priori knowledge is crucial to solve the magnetic interpolation process. Hence, the ground characterisation of the units will be a valuable input for the inflight characterisation since it will allow to exploit the particular spatial distribution of the magnetic sources in the LPF to help better characterise the magnetic field map on board.
Conclusions
Magnetically induced forces on the LISA Pathfinder test masses will be an important contribution to the final mission noise budget. Understanding the magnetic environment on board and characterising the magnetic properties of the test mass is crucial for the mission. During the 4th operational exercise, the experiments to induce a magnetic signal and thereby measure the magnetic moment and susceptibility of the test masses were simulated and the data analysis pipeline successfully tested, providing a successful characterisation.
The interpolation of the magnetic field from the magnetometers to the test mass position is Figure 3 . Main contributions to the total measured magnetic field in each magnetometer. The cold gas valve is dominating in each magnetometer.
a difficult task given the distribution of magnetic sources in the satellite surrounding the test masses. We have reported a first characterisation of the impact of individual magnetically active components to the total measured magnetic field. This information will be a valuable input for the interpolation methods being proposed, which relay on a priori knowledge of the magnetic field in the satellite.
